Soft tissue artefacts (STA) introduce errors in joint kinematics when using cutaneous markers, especially on the scapula. Both segmental optimisation and multibody kinematics optimisation (MKO) algorithms have been developed to improve kinematics estimates. MKO based on a chain model with joint constraints avoids apparent joint dislocation but is sensitive to the biofidelity of chosen joint constraints. Since no recommendation exists for the scapula, our objective was to determine the best models to accurately estimate its kinematics. One participant was equipped with skin markers and with an intracortical pin screwed in the scapula. Segmental optimisation and MKO for 24-chain models (including four variations of the scapulothoracic joint) were compared against the pin-derived kinematics using root mean square error (RMSE) on Cardan angles. Segmental optimisation led to an accurate scapula kinematics (1.1°≤RMSE≤3.3°) even for high arm elevation angles. When MKO was applied, no clinically significant difference was found between the different scapulothoracic models (0.9°≤RMSE≤4.1°) except when a free scapulothoracic joint was modelled (1.9°≤RMSE≤9.6°). To conclude, using MKO as a STA correction method was not more accurate than segmental optimisation for estimating scapula kinematics.
Introduction
1 Soft tissue artefact (STA) remains one of the major issues when studying upper limb 2 movements through the use of marker-based motion capture systems (Leardini et al., 2005) . 3
Indeed, STA up to 35° in the humeral internal-external rotation (Cutti et al., 2005) , and up to 4 8.7 cm at the scapula have been highlighted (Matsui et al., 2006) . This makes translations and 5
rotations of the scapula difficult to measure, especially with the anatomical marker set 6 recommended by the International Society of Biomechanics (Wu et al., 2005) , where markers 7 are placed on angulus acromialis, trigonum spinae and angulus inferior to track the scapula. 8
To overcome this issue, a first approach can be based on the use of technical markers 9 placed on the acromion. However, while results show a more accurate kinematics (Lempereur 10 et al., 2014) , the use of these additional markers is limited. Indeed, several studies restrained 11 arm elevations to only 120° due to the risk of markers occlusions, high measurement errors 12 associated to deltoid bulging, and loss of contact between markers and acromion (Meskers et joint translations, as only rotations have been investigated on these joints (Sahara et al., 2007) . 34
Furthermore, in presence of a kinematic chain, a recent study showed that joint kinematics is 35 highly sensitive to the model parameters, especially to the clavicle length (El Habachi et al., 36 2015b). Thus, regarding the shoulder kinematic chain model, the level of biofidelity required 37 to correct STA remains unknown. 38
In order to correct the above-mentioned limitations (i.e. markers occlusions, limited 39 arm elevations, and sensitivity to model parameters), some authors proposed to include the 40 scapulothoracic joint in the model, resulting in a closed-loop mechanism (i.e. fewer DoFs). 41
This joint is often defined as a geometrical constraint, resulting in a contact between one to 42 three fixed points belonging to the scapula with an ellipsoid representing the thorax (Garner 43 and Pandy, 1999; Maurel, 1995; Tondu, 2005) . This can be achieved through a geometrical 44 constraint or by using an equivalent parallel mechanism (Ingram et al., 2016). However, a 45 cadaveric study (Sah and Wang, 2009) showed that the scapula's area in contact with the 46 thorax changes throughout a movement covering the complete arm reachable space. Models 47 with fixed contact points between the scapula and the thorax may thus introduce systematic 48 errors, and lead to penetration of the scapula into the thorax. On the other hand, a model only 49 constraining the scapula to be tangent to the thorax should result in a more physiological 50 scapulothoracic model (Blana et al., 2008; Tondu, 2007; van der Helm, 1994 intracortical pins were positioned distal to the medial attachment of the deltoid on the 70 humerus, on the scapula spine, and on the superior part of the anterior concavity of the 71 clavicle (Fig. 1) . Rigid clusters of four (i.e. scapula, clavicle) or five (i.e. humerus) markers 72 were connected firmly to the pins. Because STA were assumed to be small on the thorax 73 compared to the distance between the markers, and because the fastening of pins is difficult in 74 the sternum, cutaneous markers were used on this segment. These markers were positioned on 75 the first and tenth thoracic vertebrae (T1, T10), incisura jugularis (IJ) and xiphoid process 76 (XP), and were completed by the set of 28 technical markers used by Jackson et al. (2012) 77 covering the whole upper limb (Fig. 1) . To calibrate the model, an anatomical position and 78 three series of functional movements were collected, which mobilised the sternoclavicular, (2012) marker set was adopted. For the thorax, only the markers placed on the xiphoid 99 process, incisura jugularis, and thoracic vertebrae (T1 and T10) were retained. For the 100 scapula, the four markers placed on the acromioclavicular joint, and the markers placed on the 101 angulus acromialis and on the lateral part of the scapula spine (i.e. two markers) were kept. 102
Then, three models of the scapulothoracic joint were defined (Tab. 1). For each of 103 them, the same ellipsoid was used (Fig. 2) . This ellipsoid was functionally determined using 104 the displacements of five markers positioned on the scapula (i.e. angulus acromialis, trigonum 105 spinae, angulus inferior and the two markers positioned on lateral part of the scapula spine) 106 during the same movements as for the definition of the glenohumeral centre. The first two 107 scapulothoracic models were defined respectively by one and two fixed contact points 108 between this ellipsoid and the scapula (respectively termed as one-contact point or two-109 
Scapula-Thorax interpenetration 167
When considering the scapula penetration (Fig. 5) , the one and two-contact point 168 models give rise to a penetration in the ellipsoid up to 7.3 mm and 6.3 mm, respectively, 169 whereas the tangent-contact model, by definition, did not generate any penetration. Both the 170 segmental optimisation and reference data created a systematic positive offset between the 171 ellipsoid and the scapula up to 14 mm and 11 mm, respectively. 172
Discussion

173
Modelling the upper limb skeleton for MKO is a delicate compromise between biofidelity of 174 the kinematic chain, and ability to estimate coupling DoF displacements using experimental 175 skin markers to correct STA. Our objective was to assess and compare, on the scapula 176 kinematics, the effect of different STA correction methods based on segmental or multibody 177 kinematics (i.e. MKO) optimisations with various joint models. The main findings are that 1) 178 segmental optimisation led to accurate scapula kinematics (RMSE ≤ 3.3° on each axis) 179 whatever the arm elevation angle and motion; 2) when using MKO, a twofold STA correction 180 was achieved by modelling the scapulothoracic joint; but 3) the choice of the scapulothoracic 181 joint model had little effect on the STA correction. 182
The present study is a case report based on a participant of normal body mass index 183 (BMI = 20.94). Only one of four participants was selected for his ability to reach maximal 184 range of motion (Fig. 4, 160° were tested in our study, our marker set was thought to be more adapted for measuring the 207 scapula movement. 208
The same marker set used in open-loop MKO gave a four-fold error in scapula 209 kinematics, probably due to the strict constraint related to the clavicle constant length. Indeed, 210 glenohumeral joint models (i.e. spherical, parallel or free joint) showed no effect on the 211 kinematics (Appendix 2). While segmental optimisation leads to apparent joint dislocation, 212 interpenetrations of bones, having a mobile contact point moving with respect to the scapula 253 could enhance the prediction of muscular moment arms, and thus help obtaining more 254 realistic dynamic and musculoskeletal models. It might also be more adapted for pathological 255 populations such as for patients suffering from scapula dyskinesis (e.g. scapula allata), where 256 the contact between the thorax and some part of the scapula may be lost. Consequently, it 257 seems that the tangent-contact joint model should be considered for further development. 258
Conclusion
259
MKO is not more accurate than segmental optimisation for estimating scapula kinematics in 260 the presence of STA. Consequently, we recommend using segmental optimisation with 261 individual markers placed on the acromion and along the spine of the scapula. Indeed, this 262 approach provides accurate results, is easier to implement than MKO and is not affected by 263 geometrical parameters. However, when a simplified kinematic chain without joint translation 264 is required (e.g. in musculoskeletal modelling), the scapulothoracic joint should be included. 265
In particular, in line with previous experimental data ( Sah and Wang, 2009 Markers with a red cross were not used in this study, grey markers were used only for the geometrical construction of the model, and white markers were also used for the multibody kinematic optimisation. Tables   Table 1: 
